both: Experimental absorption data and absorption coefficient calculations by combination of density of states and modified Urbach rule [14] . The work further stresses the correct link between the here promoted PC model and the actually measured surface to bulk lifetime ratio, and presents an extended and more detailed manuscript based on our recently published paper [15] .
General Theory

Fundamental Equations
The sample geometry for the experiments and theoretical analysis is shown in Fig. 1 
where j → n,D , j → p,D stands for the diffusion current driven by the density gradient and j
represents the conduction current driven by an external electric fieldE → . The terms D e ∇n and D h ∇p refers to the diffusion of the non-equilibrium carriers, whereas D e and D h , is the diffusion constant of electrons and holes, respectively. The drift mobility of electrons and holes is μ n and μ p , and the total electron and hole densities are N and P, which are given by
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where N 0 and P 0 are the electron and hole equilibrium uniform densities. Hence, the total current density is given by the sum of Esq. (3) and (4),
We may decompose now Eq. (7) in the total current density j ⇀ in terms of dark current density j ⇀ dark , i.e., current in absence of illumination, and the PC density j ⇀ ph , which is the current generated by the impinging light on the semiconductor, dark ph
where,
We now assume (i) local neutrality condition, i.e., n=p, which implies equal lifetimes of electrons and holes, τ n =τ p =τ. (ii) the equilibrium electron and hole density N 0 and P 0 are uniform and time independent, i.e., ∂N 0 /∂t=∂P 0 /∂t = ∇N 0 =∇P 0 =0, and (iii) ∇ • E ⇀ =0 under local neutrality condition. With the substitution of the current density j ⇀ n , j ⇀ p into Eqs. (1) and (2), we obtain: We multiply now Eq. (11) and Eq. (12) with the hole and electron conductivity, i.e., σ p and σ n , respectively, and, by adding both equations and simultaneously replacing p with n (n=p), we obtain the following relationship:
Furthermore, we define the bipolar diffusion coefficient as,
and the bipolar drift mobility μ E as,
Note that the bipolar drift mobility μ E is different from the bipolar diffusion mobility μ E , which is defined as 
Thus, we have the continuity equation for n (and consequently for p, because n=p),
and for the PC density:
The Eqs. (17) and (18) are the fundamental equations that allow us, in case the energy dispersion of α in known, to calculate the distribution of the carrier density, carrier current, and the PC spectra.
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Photocurrent spectra for experimental setup condition
So far, we have made some general assumption regarding the process of nonequilibrium carriers. We shall now restrict ourselves to the detailed determination of PC spectra, considering the following general conditions:
i. stationary state, i.e., ∂n/∂t=0, ii. the light illuminates uniformly the entire semiconductor sample, whereas the direction of the impinging light is along the z-axis and the volume of the sample is given by l x ×l y ×l z , where l z =d is the thickness of the sample,
iii. the sample possesses a uniform nonequilibrium carrier density in the x-y plane, and diffusion takes place along the z-axis only, i.e., n(x, y, z)=n(z), and iv.
(iv) the external electric field E ⇀ applied to the sample is perpendicular to the incident light and along x-direction, i.e.,E ⇀ = E x e ⇀ x . Hence, with the stationary continuity equation (Eq. 17), we get,
In Eq. (19), we have dropped the term E ⇀ • ∇ n = 0due to the fact that the two vectors are perpendicular to each other.
In the following step we introduce the boundary condition for solving Eq. (19) . Since the PC is measured along the x-axis, i.e., the external electric filed is perpendicularly to the direction of the impinging light as shown in Fig. 1 , consequently, no closed current loop exists in the z-direction. In other words, no physical carrier diffusion current j D will take place at the boundary z=0 and z=d. From Eq. (18), we arrive at the boundary conditions, By using Eq. (18), we can obtain the PC passing through the sample asI ph = ∬ j
Here, the electrical current cross-section area vector d A ⇀ is given byd A ⇀ = dzdye ⇀ x . Notice that the vector d A ⇀ is perpendicular to the cross-section area vectore(D e − D h )∇n. Therefore, the diffusion current term ∇ n = (dn / dz)e ⇀ z in Eq. (18) which is along z-direction does not contribute to the PC. Finally, we obtain the PC for the specific experimental setup as,
where μ=μ n +μ p is the mobility and ΔU=E x l x and the voltage drop across the sample. It is worthwhile noting that I ph has the physical unit of Ampere (A). Equations (19) (20) (21) , the energy dependence of the absorption coefficient α(ℏω) , and the spatial lifetime distribution of carriers (τ) form the complete set needed for the fit of PC spectra measured with the configuration displayed in Fig. 1 .
DeVore's approch vs. BU model
In this section, we present the comparison of the two existing theoretical PC models, which were initially introduced in Refs. [5] and [9] . The PC spectra are based on the common experimental setup shown in Fig.1 , where the direction of the applied electric field is perpendicular to the direction of illumination.
The DeVore's photocurrent spectral theory
It has been the conventional way of engage DeVore's formula to fit PC spectra. However, as presented below, for the standard PC experiments displayed in Fig 1, DeVore's formula is actually not the correct one to use. We now briefly outline DeVore's early work [5] , in which th calculation is based on the following equation,
This formulation is based on four assumptions:
the external electric field is perpendicular to the incident light direction, which corresponds the experimental configuration in Fig. 1 (additional discussions of this point will be presented in a forthcoming paper).
ii. Assuming steady state, i.e., ∂n/∂t=0.
iii.
The recombination rate 1/τ and diffusion length β -1 are a constant.
iv.
The recombination current at the surface is given by setting the following boundary conditions: 
and the dimensionless spectrum factor F has the form,
where α is the energy dependent absorption coefficient. We argue that the boundary conditions [Eq. (22)] are not consistent with the experimental setup, i.e. the PC is driven by an applied electric field, which is perpendicular to the impinging light. Therefore, at the surface along the incident light there is an open circuit. The correct boundary condition is that there will be no particle current across the sample surface, i.e., − 1 τβ
Under this boundary condition, the DeVore's PC becomes,
i.e., the spectral factor F in Eq. (25) is reduced to the absorption,
Consequently, DeVore's formula is not able to explain the PC maximum in the vicinity of the band gap for the geometry shown in Fig. 1 . The boundary conditions expressed by Eq. (22) are artificially acting as source of non-equilibrium carriers.
PC theory based on the spatial non-uniform recombination rate (BU model)
The ansatz of the original BU model in Ref. [9] led to an intuitive and straightforward theory that implemented DeVore's assumption directly. It simply assumed that the spatial distribu-tion recombination rates along the light propagation -i.e., at the surface and in the bulk region -are different. At the surface, due to the increased density of recombination centers with respect to the bulk, the carrier lifetime is much shorter than in the bulk region. Specifically, it was assumed that the spatial lifetime decay τ (z) takes the simple form:
Where τ s is the lifetime of the nonequilibrium carriers at the surface, τ b is the lifetime of the nonequilibrium carriers in the bulk, and L is the length scale beyond which the recombination rate is predominately ruled by τ b . 
The first integral over the diffusion term is zero because of the zero flux boundary condition [Eq. (20)]. Thus, the dimensionless spectrum factor F takes the following form:
where, the PC magnitude is given by,
Equations (31-33) basically correspond to the intuitively deduced PC dispersion Ref. [9] . We not that by expressing the PC in terms of the responsivity (R ) in [Ampere/Watt], i.e., for constant impinge light power, the proportionality R∝F holds.
Experimental PC Results and Fits
The spectral PC dispersion was investigated by using the experimental arrangement in Fig.  1 : The x, y plane of the CdS bulk material faces the incoming monochromatic light, while the z coordinate is parallel to the light propagation. The electric field of the light is perpendicularly oriented to the c-axis of the CdS sample, which was an industrially produced single crystal with d=1 mm. Two vacuum evaporated Al contacts with a gap of 0.5 mm between them were used for the electrical connection. The applied electric field driving the PC was 200 V/cm and the optical excitation was carried out with intensities typically in μW/cm 2 range. The PC was recorded at room temperature with lock-in technique by chopping the impinging light at 25 Hz. The measured spectrum was corrected by a calibrated Si photodiode in order to express the PC in terms of responsivity. 
PC fit using Dutton's experimentally determined absorption coefficient
The comparison of the experiment (symbols) with the fit (dotted line) using Eq. (31-32) is shown in Fig. 2(a) . The best fit between the experimental data and theoretical formula was achieved with d=3.60×10 -3 cm, L=8.65×10 -5 cm, and τ s /τ b =0.068, while the used α(ωћ) values, which are shown in Fig. 2 (b) , have been extracted from Dutton's paper [16] . The fit reveals that only an effective thickness of the sample, which does not necessarily correspond to the physical thickness, contribute to the formation of the PC signal. The corresponding conclusion was found by analyzing the photoluminescence of thin-film CdS [17] . Using Eq. (32) one can link the absorption coefficient to the location of the maximum of the PC spectra. We set dF dℏω = dF dα dα d ℏω = 0, and obtain,
Since the term exp(-α d-d/L)<<1, we simplify the above condition to,
)−2ln(1+αL ) = 0 and by using the approximation ln(1+ α L)≈ α L and L/d <<1, we finally find the α * where the PC has the maximum value
This shows that the maximum location (α *d) in PC spectra is mainly controlled by two parameters τ s /τ b , L/d. Now we substitute the parameters d=3.60×10 -3 cm, L=8.65×10 -5 cm, and τ s /τ b =0.068 into α * expression, we obtain α *= 1108.54 cm -1 . This corresponds to the energy E value between 2.41eV-2.42eV, and is exactly the energy region where the maximum PC occurred.
PC fit employing the theoretical absorption coefficient based on the modified Urbach rule
So far, we have used the experimental absorption edge data from Dutton directly, we may also fit the PC by modeling α(hω)with the density of states and the modified Urbach tail, which are expressed by [14] , 
where E g is band gap energy, A 0 is linked to the saturation value ofα(hω), kT is the thermal energy, and the crossover between Eqs. (36) and (37) takes place at E cr =E g +kT/(2σ ) [14] , where σ defines the steepness of the Urbach tail [17] . Figure 3 shows the comparison of the measured PC [which is identical with the one in Fig. 2 (a) ] with the fit using Esq. (32), (36), and (37), whereas the following fitting parameters were used: kT=26 meV, A 0 =3.26×10 Fig. 1 (symbols) using Eqs. (36) and (37). The fit hardly differs from the one in Fig. 2 (a) . 
The following parameters resulted in the best fits for surface and bulk: τ s =1.2 ms and γ=0.53, and τ b =7.6 ms and γ=0.82, respectively, resulting in τ s /τ b =0.16. Despite the straightforwardness of the experiment, which did not consider electric charging effects, the number is only approximately a factor 2.4 and 1.6 off from the predicted value using the data of Dutton and the modeled absorption edge, respectively. It is worthwhile to note that the Kohlrausch decay can be expressed as linear superposition of simple exponential decays, i.e., 
Conclusion
We have derived a spectral PC formula based on general principles for the standard setup used in experiments. By explicitly including the spatial variation of the recombination rate along the light propagation -i.e., at the surface and in the bulk region -we were able to demonstrate that PC spectra can be accurately described by the BU model. Equivalently good agreements between theory and experiment were found by using α(ℏω) values either experimentally determined or straightforwardly modeled by the density of states and the modified Urbach rule. Furthermore, we have shown that the detailed theoretical model of the spatial variation of τ(z) is not critical for the generation of the PC near the band gap. However, the presented detailed theory correctly fit and explains the experimental observations. It reveals the firm physical key mechanism for understanding of the PC peak near the gap energy: The peak takes place due to the different recombination rates of the excited carries near the surface and bulk. We also showed that the τ s /τ b ratio found by temporally resolved PC measurements reasonably agrees with the results from the PC fits, accommodating the commonly used concept in optoelectronics, i.e., the use of carrier lifetimes. 
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